Transcriptional activator proteins in bacteria often operate by interaction with the C-terminal domain of the ␣-subunit of RNA polymerase (RNAP). Here we report the discovery of an ''anti-␣'' factor Spx in Bacillus subtilis that blocks transcriptional activation by binding to the ␣-C-terminal domain, thereby interfering with the capacity of RNAP to respond to certain activator proteins. Spx disrupts complex formation between the activator proteins ResD and ComA and promoter-bound RNAP, and it does so by direct interaction with the ␣-subunit. ResD-and ComA-stimulated transcription requires the proteolytic elimination of Spx by the ATPdependent protease ClpXP. Spx represents a class of transcriptional regulators that inhibit activator-stimulated transcription by interaction with ␣.
T ranscriptional activation in bacteria involves contacts between DNA-bound activators and promoter-bound RNA polymerase (RNAP). Most such interactions require the ␣-subunit of RNAP, which possesses several activator-interaction surfaces within its C-terminal domain (CTD) (1, 2) . One such activator is ComA of the bacterium Bacillus subtilis (3) (4) (5) , a response regulator, required for transcription of genes involved in the development of genetic competence (6) . In response to high cell density, ComA becomes phosphorylated by interaction with its cognate histidine kinase, ComP, that is activated when it binds the pheromone ComX (7) (8) (9) . ComA then activates the transcription initiation of the srf operon, which encodes the competence regulatory peptide ComS (10, 11) . ComS serves to release the transcriptional activator ComK from its inhibitory complex composed of the proteins MecA and ClpCP (10) (11) (12) (13) , so that ComK can stimulate transcription of genes required for DNA uptake in competent cells (14) . Interestingly, ComAdependent transcription of srf requires the ATP-dependent protease ClpXP (15, 16) , which functions to eliminate the 15.4-kDa Spx protein (refs. 17 and 18; see Results) . A mutation in clpX blocks ComA-activated transcription and has severe effects on growth and development (17) . These pleiotropic effects of ClpXP absence can be suppressed either by the elimination of Spx or by missense mutations in the rpoA gene that encodes the RNAP ␣-subunit (refs. 16 and 17; see Results) . This latter finding suggested that Spx exerts its negative effect on ComA-mediated transcription, and other transcriptional activation systems, by interaction with RNAP. A similar relationship between Spx and the ␣-subunit of RNAP was observed for ResD-activated transcription (see Results). ResD, like ComA, is a response regulator and transcriptional activator. It is part of the ResDE two-component signal transduction system that is required for the transcription of genes that are induced in response to oxygen limitation (19) .
In this article we show that Spx interferes with activatorstimulated transcription by interaction with the RNAP ␣-CTD, a mechanism of transcriptional repression not observed before in studies of prokaryotic transcriptional regulation. A model is presented in which Spx may function to globally reduce transcription of genes involved in growth-and developmentpromoting processes during periods of extreme stress.
Methods
Strains. B. subtilis strains were derived from JH642 (trpC2 pheA1) and include MAB188 (comK-lacZ), ORB3087 (comK-lacZ clpX), ORB3247 (srf-lacZ), and ORB3249 (srf-lacZ clpX) (16 (25) in a Gal4 activation domain fusion vector pGADT7 (carrying LEU2) was introduced by transformation into PJ69-4A carrying pSN11 with selection for growth on SD (synthetic defined) medium (26) . Plasmids from the positive clones were used to transform PJ69-4A, together with pSN11 or pSN18.
Protein Purification. The IMPACT self-cleavable, affinity tag system (New England Biolabs) was used to purify ResD, ResE (27) , ComA, ClpX, ClpP, and RpoA. Escherichia coli ER2566 (New England Biolabs) or BL21(DE3)pLysS (28) was used for overproduction of the proteins. The ComA and RpoA proteins obtained have a Pro-Gly extension at the C termini. ClpX and ClpP proteins, containing no extra residues, were further purified by elution with a 100-600 mM KCl gradient from a High Q column (Bio-Rad). Fractions containing ClpX were applied to a hydroxyapatite column (Bio-Rad) and eluted with 0-250 mM sodium phosphate, pH 6.8 gradient.
PCR products of spx WT and cxs-16 alleles were inserted into pPROEX-1 (Life Technologies, Rockville, MD) to generate plasmids that were used for the production of His-6-tagged Spx and Spx cxs- 16 . Proteins were purified from Ni-NTA (Qiagen, Valencia, CA) columns, followed by High Q columns with a 50-500 mM KCl gradient. The His-6 tag was cleaved with recombinant tobacco-etch virus protease (Life Technologies), which left a Gly-Ala-His extension at the N termini of Spx and Spx cxs- 16 .
RNAP containing a His-10-tagged RpoC subunit was purified from B. subtilis MH5636 (WT) or ORB4123 (rpoA cxs-1 ) strains by using a procedure described in refs. 29 and 30.
In Vitro Proteolysis. The reaction was carried out in 50 mM Hepes͞KOH (pH 7.6), 50 mM KCl, 10 mM Mg acetate, 5 mM DTT, 5% glycerol, 5 mM ATP, 10 mM creatine phosphate, and 0.1 g͞l creatine kinase (Sigma). Spx or Spx cxs-16 (5 M) was incubated at 30°C in the presence of ClpP (3 M) and ClpX (3 M) in a 50-l reaction mixture. At time intervals, 10 l of the samples was collected and analyzed on a 15% SDS͞PAGE followed by staining with Coomassie blue.
Electrophoretic Mobility-Shift Assays (EMSAs). srf and hmp probes were obtained by PCR with oligonucleotide primers that were radioactively labeled by using T4 polynucleotide kinase and ␥-32 P-ATP, followed by purification using 6% nondenaturing PAGE. The srf probe was incubated with or without RNAP (0.025 M for WT RNAP and 0.2 M for RNAP with RpoA cxs-1 ), ComA [2.5 M, phosphorylated by using acetyl phosphate (4)], and different amounts of Spx in 20 l of buffer A [25 mM Tris⅐HCl, pH 7.5͞100 mM KCl͞0.1 mM EDTA͞0.5 mM DTT͞5 mM MgCl 2 ͞50 g/ml poly(dI-dC)͞50 g/ml BSA͞10% glycerol] at room temperature for 20 min. In the hmp reaction 0.25 M ResD, 0.25 M ResE, and 0.25 mM ATP were preincubated at room temperature for 15 min before the addition of other proteins and the labeled probe. DNA and DNA-protein complexes were resolved by 4% nondenaturing PAGE in TAE buffer (40 mM Tris-acetate, pH 8.0͞1 mM EDTA). The gel was dried and analyzed with a PhosphorImager (Molecular Dynamics).
In Vitro Transcription. Linear DNA for in vitro transcription was generated by PCR. The rpsD promoter fragment used was the same as reported (20) . A 476-bp fragment containing the srf at 37°C for 15 min in a 150-l reaction (25 mM Tris⅐HCl, pH 8.0͞100 mM KCl͞5 mM MgCl 2 ͞0.1 mM DTT). The reactions were applied to 30-l Ni-NTA columns, which were prewashed with the incubation buffer. After washing with 150 l of buffer five times, His-6-Spx was eluted in buffer containing 200 mM imidazole. Aliquots of 15 l from final wash and the elution sample were analyzed by 15% SDS͞PAGE gel followed by Coomassie staining.
Results spx Mutations Eliminate the Defect in srf and hmp Expression of a clpX
Null Mutant. The reduced expression of a transcriptional srf-lacZ fusion, observed in clpX mutants, is relieved by rpoA cxs mutations (16) that confer amino acid substitutions in the ␣-CTD (31, 32) . The repression of srf was also relieved by either the spx::neo null or spx cxs-16 missense mutation (Fig. 1A) . In experiments to determine whether other activator-dependent promoters were affected by Spx, the expression of the hmp gene (33), a ResDE- controlled gene encoding flavohemoglobin and induced under oxygen limitation (27) , was also examined. It is repressed in clpX mutant cells under anaerobic conditions, but spx mutations eliminate the clpX-conferred defect (Fig. 1B) . As in the case of srf transcription (16), introduction of the rpoA cxs-1 mutation into the clpX background also resulted in elevated hmp-lacZ expression.
The Spx protein is barely detectable in a Western blot of WT cell extract, but is abundant in clpX mutants ( Fig. 2A; refs. 17 and  18 ). An spx mutant allele, spx cxs-16 , conferring an Arg substitution at the highly conserved Gly-52, encodes an inactive form of Spx ( Fig. 1 ) that is also abundant in a clpX mutant (Fig. 2 A) . The clpX spx cxs-16 strain shows no growth defect like that observed in clpX mutants (data not shown) and was complemented by the WT allele (data not shown), indicating that Spx cxs-16 is unable to engage in the target interaction by which WT Spx causes impairment of developmental processes.
In Vitro Proteolysis of Spx and Spx cxs-16 by ClpXP. The above and previous results (16) strongly suggested that Spx is degraded by ClpXP in vivo. During the course of the present study, it was discovered that the in vitro degradation of Spx by ClpXP had been previously unsuccessful because the Spx substrate had an extra two amino acids appended to its C terminus (16) . This Spx protein was degraded by ClpCP protease in vitro (18) , probably because the degradation requires the adapter protein MecA. Spx protein, having no extra amino acids at the C terminus (see Methods), was efficiently degraded by ClpXP in vitro (Fig. 2B) . Spx cxs-16 was degraded by ClpXP as efficiently as WT Spx (Fig. 2B) .
Spx Negatively Affects Activator-Dependent Transcription. The hypothesis that Spx-dependent repression was caused by disruption of activator-stimulated transcription initiation whereas the mutant Spx cxs-16 lacked this activity was supported by in vitro run-off transcription analysis. RNAP required ComAϳP and ResDϳP to transcribe srf (Fig. 3A) and hmp (Fig. 3C) , respectively. Transcription from the rpsD [ribosomal S4 protein (35) ] promoter is not affected by a clpX mutation in vivo (20) and was used as a negative control of Spx activity (Fig. 3 E and G) . Increasing amounts of Spx led to a decrease in the ComA-dependent transcription of srf (Fig. 3 B, E, and F) and ResD-dependent transcription of hmp (Fig. 3 D, G, and H) relative to the rpsD control. Spx cxs -16 had no significant effect on transcription of srf and hmp (Fig. 3 B and D) , a result in keeping with its inactivity in vivo. Notably, transcription using RNAP carrying RpoA cxs-1 (Fig. 3 B and D) was not affected by WT Spx. These results are in good agreement with the phenotype of spx cxs- 16 and rpoA cxs-1 . Spx showed no effect on the level of basal, ResD-independent hmp transcription (Fig. 3I) , indicating that Spx affects only activator-dependent transcription. 
Spx Destabilizes a Complex of RNAP and Transcriptional Activators.
The effect of Spx on the formation of transcriptional activation complexes consisting of RNAP, ComA or ResD, and their cognate promoters was examined. In the EMSA of Fig. 4A, 2 .5 M ComAϳP did not bind to the srf promoter. This finding is consistent with the previous result that showed no binding of ComAϳP to srf promoter DNA when present in a concentration of 5 M (4). RNAP was able to bind to the srf promoter and a complex with a slower mobility than the RNAP-DNA complex was detected when 2.5 M ComAϳP was added. Spx disrupted the ComAϳP-RNAP-DNA complex, but Spx apparently did not dissociate RNAP from srf promoter DNA. The same amount of Spx had no significant effect on binding of RNAP to the srf promoter in the absence of ComAϳP (data not shown). Spx cxs- 16 did not show any effect on ComAϳP-RNAP-DNA complex formation. The formation of the ComAϳP-RNAP cxs-1 -DNA complex was not affected by Spx (Fig. 4A) , suggesting that the amino acid substitution conferred by the rpoA cxs-1 caused reduced affinity of RNAP for Spx. Together, these data indicated that Spx, by binding to RNAP, weakened the interaction between ComAϳP and RNAP at the srf promoter.
In a similar experiment, 0.25 M ResDϳP efficiently bound to the hmp promoter (Fig. 4B) , unlike ComAϳP, which seems to require RNAP for stable srf promoter interaction. Furthermore, RNAP had less affinity for the hmp promoter than it has for the srf promoter, as the RNAP-hmp complex was detected only after prolonged exposure before phosphorimaging (the position is marked in Fig. 4B ). More RNAP bound to the hmp promoter when ResDϳP was present, as evident by the supershifted ResDϳP-RNAP-DNA complex. Therefore, the binding dynamics of RNAP and the transcriptional activators at the srf and hmp promoters showed different characteristics. Nevertheless, Spx acted similarly in disrupting the formation of the ResDϳP-RNAP-DNA complex, resulting in the dissociation of RNAP and leaving intact the ResDϳP-hmp DNA complex (Fig. 4B) . Again, Spx has no inhibitory effect on RNAP-promoter DNA interaction (Fig. 4C) . The ResDϳP-RNAP-DNA complex remained stable either in the presence of Spx cxs-16 or when RNAP bearing the RpoA cxs-1 subunit was included in the reaction (Fig. 4B ).
Spx Interacts with the ␣-CTD of RNAP. The above results suggested that Spx disrupted activator-stimulated transcription by direct interaction with the ␣-CTD of RNAP. To test this, the yeast two-hybrid system was used to search for proteins encoded in a genomic B. subtilis, GAL4 fusion library that interacted with WT Spx but not with Spx cxs-16 . Two plasmids (pSN20 and pSN33, Fig.  5A ) were among those that activated the reporter gene, GAL2-ADE2, when introduced by transformation into a yeast strain containing pSN11 (carrying spx). Only pSN20 and pSN33, when cotransformed with pSN18, carrying spx cxs-16 , failed to result in activation of the reporter gene. Sequence analysis of pSN20 and pSN33 revealed that their inserts encoded overlapping regions of the RNAP ␣ that contained the sites of the cxs-1-and cxs-2-conferred residue substitutions (16) . To further examine the effect of cxs-1 on this interaction, parts of rpoA and rpoA cxs-1 encoding polypeptides extending from amino acid positions 213 to 291 were inserted into pGADT7 (see Methods), thus fusing the CTD-coding ends with the Gal4 activation domain. The result showed that RpoA and Spx interact, whereas RpoA was unable to interact with Spx cxs- 16 (Fig. 5B) . As predicted, RpoA cxs-1 did not interact with WT Spx.
The proposed interaction of RpoA with Spx was verified by a pull-down experiment using Ni-NTA column chromatography (Fig. 5C) . WT His-6-Spx was incubated either with WT RpoA or RpoA cxs-1 and the mixture was applied to a Ni-NTA column. WT RpoA, but not RpoA cxs-1 , was present in the eluate, indicating a direct interaction between RpoA and Spx whereas poor interaction between Spx and the mutant cxs-1 ␣ was observed. WT RpoA did not coelute with His-6-Spx
cxs-16
from the Ni column, demonstrating that the conserved Gly-52 residue in Spx is important in binding to RpoA. These results fully explain the previous finding that rpoA cxs-1 suppressed the effect of clpX and clpP on the srf and hmp expression by preventing the binding of Spx to the ␣-CTD of RNAP.
Discussion
Spx is a negative transcriptional regulator in prokaryotes that disrupts activator-dependent transcription initiation by direct interaction with the ␣-CTD. As an ''anti-␣'' factor, the Spx mode of action is different from that of repressors that interact with promoter DNA. It is unlikely that it is a sequence-specific DNA-binding protein given the different genes that are affected by Spx. Certain regulators of transcription, namely GalR, LacI (36), FNR (37) , and the phi29 P4 protein (38) , can exert negative control by interacting with the ␣-CTD, but these are sequencespecific DNA-binding proteins that directly interact with ␣-CTD to prevent RNAP from initiating transcription. They also exert their repression in a promoter-specific manner. In contrast, Spx interacts with the ␣-CTD to interfere with activator-RNAPpromoter complex formation and it exerts its effect more globally.
Spx interaction need not result in removal of RNAP from promoter DNA, as is evident in Fig. 4 , in which RNAP remains bound to srf promoter DNA in the presence of Spx, whereas ComAϳP is released, rendering RNAP incapable of efficiently initiating transcription. The rpoA mutations that eliminate Spx interaction reside in the part that encodes helix 1 of the first HhH motif, which has been implicated in binding of ␣ to extended promoter DNA (39) (40) (41) and is required for productive activator-RNAP interaction (31) .
In a previous study (34) , Spx was found to act as an antagonist of ComS by interaction with the ComK͞MecA͞ClpC complex. This interaction resulted in inhibition of ComS-dependent release of ComK, which is required for ComK to activate the transcription of genes that are necessary to establish the competent state (12) . The key finding of the study was that rpoA cxs mutations did not suppress clpP with respect to ComK activity, but the spx null mutation did, indicating that Spx can exert a negative effect on the activity of ComK that does not involve its interaction with RNAP. As discussed (34), we do not know whether this reflects a function of Spx as a regulator of MecA activity or is simply a consequence of the fact that Spx is a substrate for MecA͞ClpC and its accumulation in clpP mutant cells may result in the interference with the normal ComSdependent ComK activation process by its interaction with MecA͞ClpC.
B. subtilis ComA and ResD, when phosphorylated, are sufficient for in vitro srf and hmp transcriptional activation. EMSA data suggest that ResD and ComA interact with the ␣-subunit at their cognate promoters (data not shown). ComA binds to two ComA boxes (Ϫ118 to Ϫ103 and Ϫ74 to Ϫ59; refs. 3 and 4) and ResD binds to sequences from Ϫ80 to Ϫ40 near the hmp promoter (27) . The locations of the activator-binding sequences relative to the promoter suggests that the ␣-CTD is the activation target. Contact between activators and the ␣-CTD is known to increase the affinity of RNAP to promoter DNA (1, 42) . According to the EMSA experiment, ResD increases the affinity of RNAP for the hmp promoter, but the activity of ComA in srf transcription initiation does not fit a simple recruiting model. Activator-induced conformation changes through ␣-CTD interaction are suggested in some cases where RNAP forms a nonproductive complex with promoter DNA. Although RNAP is bound to the malT promoter, CRP might be required to accelerate the formation of the open complex (43) . Similarly, Ada does not enhance RNAP binding to the ada and aidB promoters but instead stimulates transcription by stabilizing an intermediate RNAP-promoter complex (44) . Involvement of the ␣-CTD in the transition from closed to intermediate complexes was also proposed as the role of the p4 protein in activation at the phage phi29 A3 promoter (45) . ComA could serve a similar function in stimulating RNAP-catalyzed transcription from the srf promoter.
The putative target of Spx interaction is the conserved helix I region that participates in promoter interaction (31) . Amino acid positions affected by the cxs mutations are Val-260 and Tyr-263 (Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org), the latter of which is conserved in Gram-positive organisms such as Bacillus species and other low-GC content bacteria that also carry the spx gene. Modeling of B. subtilis ␣-CTD according to the E. coli structure (ref. 38 ; Fig. 6 ) shows that the Tyr aromatic ring lies near the Val-260 side chain. The yeast two-hybrid and the pull-down experiments (Fig. 5) showed that Tyr-263 is critical for interac- tion with Spx. Val-260 is another residue that may participate directly in ␣-CTD-Spx interaction, as the cxs-2 (V260A) mutation, which has the same phenotype as cxs-1, confers a defect in Spx-RNAP interaction as revealed by yeast two-hybrid analysis (unpublished work). Together, the results and the structure model suggest that Val-260 and Tyr-263 might constitute part of the putative binding surface for Spx.
The mechanism of repression proposed here for Spx is somewhat similar to certain eukaryotic factors such as Polycomb (46, 47) and the Groucho family members (48) of corepressors that exert negative control by interaction with the basal transcriptional machinery or mediator (49) . However, these factors require a DNA-binding partner to form a repressing complex and none of them target the core subunit's RNAP, features that are in sharp contrast to Spx.
Microarray analysis revealed that spx is induced by heat shock (50) and phosphate limitation (51) . Western blots showed high levels of Spx protein after 50°C incubation (unpublished data). Spx protein might accumulate as a result of ClpXP titration by damaged proteins, which diverts the protease from its normal task of removing Spx. This results in Spx-dependent repression of genes that are not needed for coping with harsh conditions, while allowing the stress response to be mobilized. Genes, such as clpP, clpC, dnaK, etc., that are induced under heat shock would not be affected by Spx because their induction is triggered by inactivation of the repressors CtsR and HrcA (52) and not by the action of positive regulatory factors that interact with RNAP.
Spx-dependent negative control likely extends to a wide range of activators considering that most of the pleiotropic phenotypes attributed to clpX and clpP mutations are alleviated by the spx null mutations or the rpoA cxs missense mutations. The conservation of Spx among low-GC content Gram-positive bacteria is evidence for its important role in the bacterium's decisionmaking process when harsh conditions are encountered.
